An analysis of the effects of potential oil spills will provide data in support of decisions related to improving the response to oil spills and its emergency management. We selected the Chinese Bohai Sea, especially the Bohai Strait, as our investigation region to provide an assessment of the effects of pollution from ship-related oil spills on adjacent coastal zones. Ship-related accidents are one of the major factors causing potential oil spills in this area. A three dimensional oil transport and transformation model was developed using the Estuary, Coastal, and Ocean Model. This proposed model was run 90 times and each run lasted for 15 days to simulate the spread and weathering processes of oil for each of four potential spill sites, which represented potential sites of ship collisions along heavy traffic lanes in the Bohai Sea. Ten neighboring coastal areas were also considered as target zones that potentially could receive pollutants once oil spilled in the study areas. The statistical simulations showed that spills in winter were much worse than those in summer; they resulted in very negative effects on several specific target zones coded Z7, Z8, Z9, and Z10 in this paper. In addition, sites S3 (near the Penglai city) and S4 (near the Yantai city) were the two most at-risk sites with a significantly high probability of pollution if spills occurred nearby during winter. The results thus provided practical guidelines for local oil spill prevention, as well as an emergency preparedness and response program.
Introduction
The implementation of various laws and regulations has dramatically reduced oil spills at sea worldwide since the 1980s. However, large oil spills continue to occur irregularly. For example, the Deepwater Horizon explosion on April 20, 2010 resulted in oil spilling into the Gulf of Mexico for three months. This disaster is the world's largest accidental marine oil accident on record. An estimated 4.9 million barrels of crude oil were released before the wellhead was capped (Hoch, 2010) . In late November 2010, 510 km shoreline in Louisiana was covered with gobs of crude (TELEGRAPH, 2010) . The spill caused extensive damage to marine and wildlife habitats and to the fishing and tourism industries in the Gulf.
The environmental management community has an increasing awareness of the need to minimize the effects of pollution on vulnerable coastal areas once oil spills occur at sea (Vandermeulen and Ross, 1995; Michel et al., 2002; Abascal et al., 2010) . Hence, prior to an oil spill, conducting an assessment of the potential effects of pollution can provide a useful tool to allow land managers to identify coastal areas in need of greater levels of protection and improved management. Many international references provide information related to simulations of the fate of spilled oil (Spaulding et al., 1994; Varlamov et al., 1999; Elliott, 2004; Wang et al., 2008) ; these have been developed in the context of numerical ocean modeling (Oey et al., 2005) . For example, scientific literature includes the studies of many oceanographers who have investigated an oil spill simulation based on a single case. These studies employed many kinds of models including Princeton Ocean Model, the Estuary, Coastal and Ocean Model (ECOM), the Finite Volume Community Ocean Model, the Hybrid Coordinate Ocean Model, the Regional Ocean Modeling System, and the General NOAA Oil Modeling Environment (Xu et al., 2012; Jin and Wang, 2004; Mariano et al., 2011; Marta-Almeida et al., 2013; Deng et al., 2013a) . These models may or may not take into account the weathering processes of oil in sea water. However, to date few studies have presented a comprehensive image of effects of pollution based on numerical modeling using multiple hypothetical oil spills. French-McCay et al. (2004) evaluated the potential bio-economic effects of hypothetical oil spill scenarios in San Francisco Bay based on OILMAP modeling, using this three-dimensional oil spill model. Using Lagrangian passive tracer transport simulations Chrastansky and Callies (2009) analyzed the effects of chronic oil pollution along the German North Sea coast. Guillen et al. (2004) used the Oil Spill Risk Analysis model to identify areas at risk from oil spills in the Gulf of Mexico. Deng et al. (2013b) conducted sixteen simulation experiments for four potential oil spills linked to offshore oil drilling fields in the Chinese Bohai Sea. However, most of the studies mentioned above have been completed using commercial software such as OILMAP, Oil Spill Contingency and Response, the General NOAA Oil Modeling Environment, and Oil Spill Risk Analysis Model instead of open-use resources. They exhibited a wide range of complexity. Many researchers cannot directly use them for their own regional simulations because of their high cost and inflexibility. To remedy this situation, this paper suggested a novel approach by coupling statistical data and oil fate simulations developed using ECOM. Researchers used open source FORTRAN code to develop ECOM and it can be downloaded at no cost through the HydroQual website (HydroQual, 2015) . This paper differentiates itself from previous studies (Wang et al., 2005 (Wang et al., , 2008 Deng et al., 2013a) on oil spills specifically in the Bohai Sea; rather than involving a single case simulation, it takes a comprehensive overview of oil spill risk based on a multiple of simulations with various uncertainties. Furthermore, the paper is dedicated to oil spills linked to ship accidents, which could complement a study related to offshore oil drilling field spills in the Chinese Bohai Sea (Deng et al., 2013b) .
In the present paper we modeled a set of hypothetical scenarios for ship related oil spills in the Bohai Sea using ECOM. A large sample of simulations (i.e., 360 runs) focusing on four potential ship accident sites was performed with the most important driving forces related to realistic weather conditions and tidal currents. We compared the exposure of coastal areas to oil spills and further determined coastal areas that are at a potentially high risk of experiencing oil spills. Based on the effects to coastal areas simulated in the different hypothetical spill scenarios, we finally summarized the magnitude of risk for those spill sites. This study provides insight into both seasonal and spatial patterns of ship related oil pollution in the Bohai Sea, China.
In this paper, Section 2.1 presents a general overview of the study area and recent records of oil spills in this specific area. Sections 2.2-2.5 described the Lagrangian oil spill model and the development of simulations with details of the model inputs. Section 3 discusses two aspects of the outcomes of oil spill simulations: 1) various coastal locations affected by potentially spilled oil; and 2) risk ranking of potential spill sites. Finally, Section 4 gives major findings. The goal of this paper is to answer important planning questions such as: "What areas may experience oil slicks?" and "Which potential spill sites are at risk of causing damage to surrounding coasts given the amount of oil spilled?"
Methods

Study area
The Bohai Sea, located in northeastern China, forms a "C" shaped and semi-enclosed shallow sea ( Fig. 1) with an average and maximal depth of 18 m and 80 m, respectively (Sündermann and Feng, 2004) . Generally, the Bohai Sea can be divided into five major regions including the Liaodong, Bohai, Laizhou bays, the central area and the Bohai Strait (Fig. 1b) . The Bohai Sea has been one of the most productive offshore oil-producing areas in China since the 1980s. However, rapid developments related to oil exploitation and transportation have resulted in frequent oil spills in this area recently. Based on statistics, three major oil spills occurred in the Bohai Sea from 2005 to 2011. For example, the Portuguese oil tanker "Arteaga" became stranded 4.3 nautical miles out of Dalian Harbor on 3 April 2005. This accident caused hundreds of tons of heavy oil to spill into the sea. An explosion in an oil pipeline close to the Dalian Harbor caused 1500 tons of heavy oil to spill into the Bohai Sea on 16 July 2010. According to estimates, almost 870 km 2 of sea water has been polluted by the spill and over 1000 ships have been involved in the cleanup (Liu and Zhu, 2014 The Bohai Sea is very vulnerable to any size of an oil spill, because it is important not only economically but ecologically. It provides wetlands, tidal flats, and estuaries of moderate salinity and temperature that in turn provide habitat for a wide variety of birds, fish, mussels and other species (Zhou et al., 2007; Ning et al., 2010) . Oil spill contingency management for the Bohai Sea is, thus, an ongoing concern in the context of integrated coastal zone management among the national and local governments as well as with the public. A basic part of the oil spill contingency management is to determine which coastal locations would be most seriously damaged by an oil spill so that they may receive priority protection (Gundlach and Hayes, 1978) . Therefore, assessment of the effects of potential oil spills and of the coasts that are likely to become polluted by oil is needed (Abascal et al., 2010) . This paper is focused on ship related oil spills along busy traffic lines in the Bohai Sea. The Bohai Strait is the only passage connecting the inner Bohai Sea with the open ocean (i.e., the Yellow Sea). Two eastwest lines represented the busiest shipping traffic lanes because all vessels either entering or leaving the Bohai Sea must follow these two shipping lanes (Fig. 1a) . Similarly, two north-south lines connect two pairs of coastal cities: Penglai/Lvshun and Yantai/Dalian along the coast of the Bohai Strait (Fig. 1a) . Ferries regularly and daily operate along these two north-south shipping lanes in summer. The two eastwest shipping lanes meet the two north-south ones at four intersections which were defined as potential oil spill sites related to traffic in this paper (Fig. 1a) .
Lagrangian particle algorithm
Oil spill simulation consisted of two major parts: hydrodynamic modeling and particle tracking. A hydrodynamic model for the Chinese Bohai Sea was fully developed using ECOM with various data for bathymetry, initial condition, open boundary and gridding. More details on ECOM can be found on the HydroQual website (HydroQual, 2015) . To simulate the drift of oil slicks, a three dimensional oil transport model was then developed based on both hydrodynamics and a Lagrangian discrete particle algorithm. The simple weathering processes including spreading, stranding, evaporation and emulsion were also considered in the model. The movement of a large number of small oil particles of equal mass can be driven by the media such as sea water with the velocity components, the buoyancy velocity of oil particles and the turbulent fluctuations (Wang et al., 2008) . Hence, the X, Y and Z coordinates of oil particles can be written using Eq. (2.1) following Wang et al. (2008) :
where U ! ðx; y; z; tÞ, V ! ðx; y; z; tÞ and W ! ðx; y; z; tÞ represented the drift velocity of oil particles caused by the combined forces of wind, current and waves, U b was the buoyancy velocity and Uðx; y; z; tÞ, Vðx; y; z; tÞ and Wðx; y; z; tÞ were the turbulent fluctuations of velocity of oil particles in the water column.
Oil spill simulations
To simulate the drift of hypothetical oil spills from various sites, a three dimensional oil transport model was developed based on ECOM that included a variety of processes such as spreading, stranding, evaporation and emulsion. By using the proposed oil spill transport and transformation model, a matrix of spill scenarios for four potential spill sites (S1, S2, S3, S4), thirty environmental conditions and three spill sizes (100, 500, and 1000 tons representing small, medium and large spills, respectively, for simplicity) were analyzed. For each potential site and each of the three spill size scenarios, thirty simulations were run with each run specifying a set of environmental conditions from a possible range of conditions. Liang et al. (2003) reported that summer and winter incorporate typical environmental conditions for the Bohai Sea. In summer, southern winds prevail and ferries frequently carry tourists across the Bohai Sea strait. In winter, strong northern winds blow and ships are sometimes at the mercy of adverse weather conditions. Therefore, oil spills caused by ship accidents are more likely to occur in these two extreme seasons: summer and winter. The proposed model simulated a total of 30 sets of widely variable conditions, fifteen /2009 , February/2009 , and December/2009 . In each of the model runs, simulated oil particles were driven by important environmental conditions such as tidal currents and wind. The tidal currents in the Bohai bay, the Liaodong bay and the Laizhou bay were all normally semi-diurnal tide with a period of 12-13 h. It was reciprocating flow induced by tides in the middle of Bohai Sea (Liu et al., 2015) . In terms of effects, the number of drifting particles that accumulatively reached the different target regions (Fig. 1b) by the end of a simulation was recorded in each of run. Each simulation lasted for 15 days. The model was truncated at day 15, partly because evaporation, the most important weathering process that influences the reduction in volume of spilled oil, is normally limited to the first 48 h after the spill (Azevedo et al., 2014) , and partly because the local half-life of petroleum hydrocarbons is approximately six days. Moreover, 15 days was long enough to allow the oil spilled in the Bohai Sea Strait to spread and eventually to become stranded on the beach during the pre-test simulations.
Model inputs
The digital coastal line was extracted from the National Geophysical Data Center (NOAA, 2010) and bathymetry data (Fig. 2) was obtained based on in-situ measurements. To develop a three dimensional model, rectilinear grids were generated horizontally to cover the entire domain ranging from 117.5 to 122.5°longitude and from 37 to 41°lat-itude in the local coordinate system. The grid cell size was 1.67′ by 1.67′ for both longitude and latitude (i.e., nearly 3.09 km × 3.09 km). The mesh covered 180 cells (x direction) × 144 cells (y direction). Ten layers were designated vertically. All wind data were downloaded from QuikScat with a resolution of 0.5°by 0.5°(2009). Using the Lagrangian algorithm, simulated surface oil particles were drifted by both wind and tidal currents. In this study model the region was spanned between 37°N and 41°N and between 117.5°E and 122.5°E with an open boundary defined along the right most vertical line at 122.5°E, which was consistent with HAMburg Shelf Ocean Model (HAMSOM), a well established model in the Bohai Sea ). The range is larger than the Bohai Sea boundary and the hypothetical spill sites were not very close to the open boundary (Mao et al., 2008) . Two hydrology stations are located at Dachangshan and Jiming islands along the open boundary line (Fig. 2) . Amplitudes and phases for four major harmonic constants (M2, S2, K1, and O1) were obtained from these two local stations as described in publications . However, only two diurnal tidal components (O1 and K1) may be not enough in showing the variation of the spring-neap cycle. The model should be improved in the future (Dai et al., 2015) . The initial conditions for open boundary conditions were then interpolated to drive the simulated tide. The instantaneous water level and current speed can be calculated in the model. Surface water temperature and salinity were varied by the month of the oil spill simulation, based on an average of monthly mean surface water temperature and salinity, respectively, for the central Bohai Sea (Mao et al., 2008) . The flow in the Bohai Sea is almost completely tidal induced and for the present analysis, the density driven flows were not considered He et al., 2004) . Four potential spill sites: S1, S2, S3, and S4 were modeled (Fig.  1a) . Simulated oil was transported assuming neither removal of mass by cleanup nor the application of dispersants. While considering the decay rate of oil and time consumption of computation, the duration of the simulation was limited to 15 days. Table 1 summarizes the details of input parameters for all scenarios. The oil tracking model provided trajectory data of hypothetical oil spills over many months, which can be used for additional estimation of the relative distribution of oil from spills at the four specific potential sites.
Effect analysis and risk evaluation
Target zones exposed to oil spills were analyzed in each run to assess the effects of oil spills. This consequence was measured as the number of oil particles reaching the target zones with a comparison to the total number of oil particles released (%). We assumed that if more oil particles reached a specific target zone, the effects of oil on these target zones were much greater. Hence, a new parameter associated with the pollution effect (P) was defined using Eq. and t m were the number of oil particles reaching the target zone and the total number of oil particles released in the mth simulation, respectively. The maximal value of the pollution effect to target zone n was described as R n using Eq. (2.3): Table 2 shows the classification of the seven grades based on the value of R n . This criterion was used to delineate the maximal percentage of oil particles received by each target zone.
To determine the contribution of a specific spill site to all the target zones, another parameter related to the risk of an spill site was introduced here and was calculated using Eq. (2.4):
where risk i was the risk of a spill at site i and i was referred to as 1, 2, 3, and 4 for spill sites S1, S2, S3, and S4, respectively. As defined previously, in the particular ((i − 1) × 90 + k)th simulation, s n m and t m refer to the number of oil particles reaching the target zone n and the total number of oil particles released, respectively. A total of 360 simulations were conducted because each of four spill sites involved 90 simulations (360 = 4 spill sites × 3 spill sizes × 30 wind conditions). 30 wind conditions were collected from the specific months of January, February, June, July, August and December at the Year 2005 , Year 2006 , Year 2007 , Year 2008 and Year 2009 . All simulations were numbered with respect to their spill sites. For example, the first and second 90 hypothetical simulations corresponded to oil spills in sites S1 and S2, respectively, so that simulations 271-360 referred to oil spills occurring in site S4. Five levels of risk were defined (Table 3) . 
Results and discussions
The fate of spilled oil
Spilled oil was assumed to experience a range of physical and weathering processes such as spread and evaporation. Once the simulated oil reached a shoreline it was assumed to remain on shore. The weathering processes could not affect the number of oil particles but affect both the density and water contents of oil particles. As we had a focus on comparing coastal areas exposed to oil spills and determining coastal areas in high risk of oil pollution by a statistical analysis, results related to evaporations and emulsifications were not presented in the paper. Liu et al. (2015) discussed the weathering process in modeling trajectories of the Penglai 19-3 oil spill.
The movement of oil particles at the surface was driven mainly by the forces of wind and tidal currents in the Chinese Bohai Sea. In summer, the prevailing southeast wind had a speed below 4 m/s to 6 m/s, while cold north winds blow over the Bohai Sea during winter. The mean monthly surface water temperature varied from 0°C in February to 21°C in August in the Bohai Sea. MODIS satellite imagery with 250 m resolution (Su et al., 2013) revealed ice formed only along the very shallow coastal areas in the three bays: the Liaodong bay, the Bohai bay, and the Laizhou bay. Ice failed to cover both the central Bohai Sea and the Bohai Strait during winter. Accordingly, ice was not considered in the model for simplicity. In many cases, the location of an oil spill and the prevailing wind conditions were the most important factors that influenced the probability that a given coastal area would suffer from pollution (Fig. 3) . For instance, oil from S3 polluted coastal areas much more severely during January than during July (Fig. 3a-b) . In contrast, spills at site S2 caused the coast next to Dalian to become more heavily contaminated with oil during July than that in January (Fig. 3c-d) . The seasonal pattern of wind regime causes this because during winter the prevailing winds in the Bohai Sea generally come from either the north or northwest. Typical winds over the Bohai Strait tended to cause oil to drift toward the south and southeast. Meanwhile, in summer the wind came from the south-southwest, generating corresponding surface currents to spread oil to the north and northwest. The location of S3 was very close to the southern coast of the Bohai Strait (i.e., the city of Penglai) when compared with S2, which implied that spills from S3 threatened the southern target zones with a higher probability of contamination than spills from S2 during the winter (Fig. 3b-d ).
Averaged pollution effects
For each run and target zone, both quantities of oil particles received by the target zone and released by spill were compared. A ratio of these two quantities determined the effects of oil pollution (%). Corresponding to hypothetical spills from four potential spill sites, the averaged effects of pollution on different target zones in each season, summer and winter, could be illustrated (Figs. 4 and 5, respectively) . Figs. 4 and 5 can be used clearly to answer a question: "Which target zones were likely to be affected by spills from which site?" The averaged pollution effect in summer for each target zone was relatively low, varying from 0 to 7.2%. A peak value of 43.94% occurred at Z7, which was caused by spills at S4, followed by 42.4% of the effect value in target zone Z4 when hit by hypothetical spills from site S2. During the 15 day simulation in summer, spills at site S1 would have almost no effect on all target zones along the coast of the Bohai Strait and target zones Z5, Z9, and Z10 were never damaged by simulated oil from any potential sites (Fig. 4) . According to averaged value of simulated effects in summer, pollution at target zones Z1, Z2, Z3 and Z4 was mainly the result of oil spills at site S2, while spills at both S3 and S4 contributed to pollution at target zones Z6, Z7, and Z8 (Fig. 4) .
During simulated winter, oil from site S4 had a maximal effect on target zones Z8 and Z9 and was as high as 61%, although the averaged effect ranged from 0 to 19.7% (Fig. 5) . Statistics related to the effect results (Fig. 5) show that when compared with those at sites S3 and S4, spills at S1 and S2 would have almost no effect on all target zones and target zones Z1 to Z5 were relatively safe, because those zones would receive no harm of oil particles during the 15 days simulation period. Generally, target zones Z6-Z10 were damaged mainly by spills from sites S3 and S4 in winter.
Grading of pollution effects
To delineate the effects of pollution on a target zone intuitively and to easily transfer the findings of the present study to contingency management, seven grades of effects were used as briefly mentioned in Section 2.5. Based on statistics of multiple simulations, an overall view of potential pollution effects on target zones is presented spatially in two seasons: winter and summer (Fig. 6) . No target zones were designated as either "fairly high effects" or "very high effects" in summer, : 2005, 2006, 2007, 2008 and 2009 (See Section 2.3 for details) Table 2 Classification of grades of effects.
Grades of effects Definition
Maximal R n ≥= 60% Extremely high R n = 50-60% Very high R n = 40-50% High R n = 20-40% Medium R n = 10-20% Low R n = 1-10% Minimal R n b 1% while in winter more oil drifted to several zones including Z7, Z8, Z9, and Z10. Specifically, Z8 and Z9 were ranked as experiencing "very high effects" and Z7 was ranked with "fairly high effects." Moreover, all zones along northern coastal area of the Bohai Strait were labeled as "fairly low effects" in winter, with the exception of Z6. Therefore, the northern coast where the cities of Lvshun and Dalian were located was much less likely to experience pollution from oil spills than was the southern coastline where Penglai and Yantai were located. That is, the typical northerly and northwesterly winds would drive spilled oil to flow toward the southern coastline of the Bohai Strait during winter.
Risky spill sites
Based on the effects to adjacent target zones, the risk of oil spilled from four potential spill sites was ranked to describe the risk of pollution in ten target zones. Five levels of risk were defined (Section 2.5). In summer, site S2 would experience "a little bit risk" (Fig. 7) . This implies that spills at site S2 would only cause a small amount of pollution to adjacent target zones. Both sites S3 and S4 were identified as experiencing "very little risk" followed by S1 with "no risk" (Fig. 7) . Note that during winter, S3 was the most risky and critical site among four potential sites having "a great deal of risk." That is, spills at site S3 would result in large scale of pollution on nearby target zones. Following S3, site S4 would experience a "fair amount of risk." In both summer and winter, S1 was considered as a "no risk" site, which implies that spills at S1 would not cause pollution to surrounding target zones. Winter was considered the most critical season when compared to summer based on this type of seasonal comparisons. This finding was consistent with findings in Section 3.1. If oil was spilled at S3 or S4, particularly in winter rather than in summer, a great amount would be swept into the target zones. Under these conditions, corresponding combat/cleanup and environmental damage costs would increase significantly after a real spill.
Conclusions
For traffic-related oil spills in the Chinese Bohai Sea, the paper presents a statistical analysis of the effects of oil spills based on simulations. Simulations of oil fates including transportation and transformation were developed based on Lagrangian particle tracking theory by using ECOM. A total of 360 hypothetical simulations were done for four potential sites. Each run simulated 15 days to compute the relative percentage of oil particles reaching specific target zones. Prior to a real oil spill, a combination of model simulations and statistics was useful to qualify and quantify the potential effects of pollution on target zones exposed to oil. Moreover, particular spill sites with a high risk of polluting adjacent target zones have been determined by ranking the effects of spills from those sites. In summary, the major findings were as follows: 1) Spills in winter were more critical than those in summer and more likely to threaten target zones along the Chinese Bohai Strait; 2) Without an appropriate response to oil spills, up to 61% of oil particles released at specific spill sites could reach the target zones within 15 days or less after a spill in winter; 3) Spills at site S1 near the city of Penglai would be very unlikely to cause damage to all target zones during both specific time periods analyzed here, both winter and summer and by extrapolation, all year long; 4) In winter, the integral southern part of coastal area of the Bohai Strait, including sites Z7-Z10, were identified as potential high effect zones, in which pollution would be expected to be very extensive and concentrated. In contrast, all the northern coastal areas of the Bohai Strait, with the exception of Z6 (i.e., zones from Z1-Z5) received fairly low effects from oil spilled during winter. Compared with summer, managers should pay more attention to preventing oil spills in winter that would affect the target zones and prepare for any cleanup in advance. 5) S3 followed by S4 were the highest risk spill sites among the four potential spill locations; approximately 46.6% of the simulated oil particles could reach specific target zones, affecting the coast along the Chinese Bohai Strait in winter time.
Further, the coupled approach presented in this paper extends the currently available ECOM oil spill simulations. These findings will facilitate a wide application of a similar methodology and similar studies related to spill events with negative environmental effects from oil tankers, oil pipelines or from oil drilling platforms. For example, we have used this proposed model for simulation of the recent Penglai 19-3 oil spill that resulted from offshore drilling in the Bohai Sea to develop an emergency response plan.
